The study of bimetallic nanoalloy clusters is of immense importance due to their diverse applications in the field of science and engineering. A deep theoretical insight is required to explain the physico-chemical properties of such compounds. Among such nanoalloy clusters, the compound formed between Ag and Au has received a lot of attention because of their marked electronic, catalytic, optical and magnetic properties. Density Functional Theory (DFT) is one of the most successful approaches of quantum mechanics to study the electronic properties of materials. Conceptual DFT-based descriptors have turned to be indispensable tools for analysing and correlating the experimental properties of compounds. In this report, we have investigated the ground state configurations and physico-chemical properties of Ag 2 Au N λ (N = 1-7, λ=±1, 0) nanoalloy clusters invoking DFT methodology. Our computed data exhibits interesting odd-even oscillation behaviour. A close agreement between experimental and our computed bond length supports our theoretical analysis.
Introduction
In the recent decades, nanotechnology and its applications have deeply integrated into human's daily life due to its large-scale applications. Since last few years, nanotechnology has emerged as a new research dimension in the domain of science and engineering [1] . The classification of nanoparticles has been done in terms of size range, which has at least one dimension in the range of 1 to 100 nm. That particular size range exists between the levels of atomic/molecular and bulk materials [1] [2] [3] [4] [5] . Nanoparticles possess unique physico-chemical properties due to existence of a large number of quantum mechanical and electronic effects [2] [3] [4] . However, there are still some instances of nonlinear alteration which shows certain physical properties may vary depending on their size, shape and composition [6] . There are a large number of available scientific reports which illustrate the effects on size and geometry to change the electronic, magnetic, optical, mechanical, chemical and other physical properties of nanoparticles [1, 3, 4] . A deep insight into the study of nanoparticles with well-defined size and geometry may open some better alternatives [7] . The nanoparticles due to its numerous applications in the field of nanotechnology, nano-electronics, material science, bio-medicine, catalysis etc. are of great interest [1, 3, [7] [8] [9] [10] . Now a days, study of noble metal clusters such as Cu, Ag, and Au has gained a significant due to their marked optical, electronic, catalytic and magnetic properties [11] [12] [13] [14] [16] [17] [18] [19] . Especially, gold nanoclusters are very much popular and potential candidates for fabrication, bio-physics, and medical applications due to its unique catalytic, optical and electronic properties [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Study of bimetallic nanoalloy clusters has emerged as an important topic from both theoretical and experimental point of view, since they exhibit new type of characteristics which are distinct from the pure and bulk metallic systems [11] . In recent days, different compositions of nanoalloys are being utilized for advancement of methodologies and characterization techniques [13, 19, 21] . The study based on core shell structure of nano-compounds is very popular because its properties can be altered through proper control of other structural and chemical parameters. Group 11 metal (Cu, Ag and Au) clusters possess filled d orbitals and one unpaired electron in s shell [22] . This peculiar electronic arrangement is responsible to reproduce the exactly similar shell effects, which are experimentally observed in the alkali metal clusters [23] [24] [25] [26] [27] [28] [29] [30] .
Many experimental and theoretical studies have been reported on Ag-Au nanoalloy clusters. Negishi et al. [36] have studied geometrical structure and electronic states of Au n Ag m − (2 ≤ n + m ≤ 4) clusters using photoelectron spectroscopy technique. Heiles et al. [37] have investigated the composition of 8-atom Au-Ag clusters Tanmoy Chakraborty is the corresponding author. © 2017 Walter de Gruyter GmbH, Berlin/Boston. This content is free.
using GA-DFT approach. Transition from 2D to 3D between Au 6 Ag 2 and Au 5 Ag 3 clusters are reported. Weis et al. [38] have reported ion mobility measurement and DFT calculations of Ag m Au n + , m+n6 clusters. In that report, they have pointed out that trimeric ions are in generally triangular shape whereas most of the tetrameric clusters are in rhombus shape, with the exception of Ag 3 Au + . Lee et al. [39] have studied structure and electronic properties of Ag, Au and Ag-Au clusters invoking DFT calculations. They have mentioned that in even number clusters are more stable as compared to odd number for neutral state, however in anionic state reverse trend is observed. Geometries, ionization energies and vertical detachment energies for neutral, cationic and anionic bimetallic Ag m Au n 3 ≤ m + n ≤ 5 clusters are also reported by Bonacic-Koutecky et al. [40] . Recently, Tafoughalt et al. [41] have reported ground state configurations, binding energy, HOMO-LUMO gap, magnetic moment, ionization energy, electron affinity and chemical hardness of Ag n Au m clusters, up to eight atoms. The result indicate that addition of Au atoms in the cluster exhibits in high binding energy and ionization potential. Shayeghi et al. [42] have computed electronic and optical properties of Ag n Au 4-n + (n = 1-3) clusters in terms of DFT method and made a comparative analysis with experimental data. Zhao et al. [43] have reported computational study on structures, stabilities, growth-pattern behaviours and electronic properties of bimetallic M 2 Au n (M = Ag, Cu; n = 1-10) clusters. Their result indicates that Ag 2 Au 4 and Cu 2 Au 2 clusters are the most stable structures. A study of Geometry and electronic properties of Au m Ag n (2 ≤ m + n≤ 8) clusters has been reported by Zhao et al. [44] . Investigation of electronic and photoluminescence properties of Ag n Au 25-n 2+ nanoclusters in terms of time-dependent density functional calculations has been done by Miranda et al. [45] . The result suggests that silver doping improves the fluorescence behaviour. In another study Tafoughalt et al. [46] have also discussed binding energies, second-order difference in energies, dissociation energies and HOMO-LUMO gap of AgAu n-1 (n = 3-13) clusters. Recently, Shayeghi et al. [47] have reported vibrational spectra of Au n Ag m + .Ar k (n+m=4,5; k = 1-4) clusters invoking FIR-MPD spectroscopy in terms of Messenger-Atom technique and Density Functional Theory (DFT) methodology. The computational data are in similar line with the FIR-MPD experiments. Chi et al. [48] has proved that gold improves the stability of AgAu cluster. The binding energy of the bimetallic clusters also increases with the increasing number of gold atoms.
DFT is one of the most popular approaches for the quantum mechanical computation of molecular system [49] . Due to its computational friendly behaviour, DFT is widely accepted method to study the many-body systems. In the domain of material science research, particularly in super conductivity of metal-based alloys, structural, electronic, magnetic and optical properties of nano-alloy clusters, quantum fluid dynamics, molecular dynamics, nuclear physics, DFT has gained a huge importance [50] . The study of DFT covers three major domains viz. theoretical, conceptual and computational [51] [52] [53] [54] . Conceptual DFT is established as an important approach to study the chemical reactivity of materials [55] [56] [57] . The Conceptual DFT is highlighted following Parr's dictum "Accurate calculation is not synonymous with useful interpretation. To calculate a molecule is not to understand it" [58] . We have rigorously applied conceptual density functional-based local and global descriptors to study physico-chemical properties of nano-engineering materials and drug designing process [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] .
In the present venture, we have investigated bi-metallic nanoalloy clusters of Ag 2 Au N λ (N = 1-7, λ=±1,0) invoking DFT-based global descriptors. An attempt has been made to correlate the properties of the compounds with their computational counterparts.
Computational details
A computational investigation on the bi-metallic nanoalloy clusters of Ag 2 Au N λ (N = 1-7, λ= ±1,0) is performed invoking electronic structure theory. Geometry optimizations have been done using Gaussian 03 [70] within DFT framework. The Local Spin Density Approximation [71] (LSDA) of exchange correlation has been adopted with basis set LanL2dz [72] [73] [74] [75] . LSDA functional is popular in computational study of the materials [65, [76] [77] [78] [79] [80] . High accuracy of LanL2dz basis set for metallic clusters is already reported [6, 43, [80] [81] [82] [83] . In spite of less complexity of LDA functional, it is highly effective in study of solid state physics [71] , where accurate phase transitions in solids [72] and liquid metals [73, 74] are predicted, and for lattice crystals, in which 1 % precision are successfully achieved [75] .
Restriction on molecular spin is not imposed during geometry optimization. Z-axis is considered as spin polarization axis and Symmetrized Fragment Orbitals (SFOs) are combined with auxiliary Core Functions (CFs) to ensure orthogonalization on the (frozen) Core Orbitals (Cos) [84, 85] .
Invoking Koopman's approximation [55] , Ionization Energy (I) and Electron Affinity (A) of all the nanoalloys have been computed in terms of following
Thereafter, using I and A, the conceptual DFT-based descriptors viz. electronegativity (χ), global hardness (η), molecular softness (S) and electrophilicity index (ω) have been computed as:
where µ represents the chemical potential of the system.
3 Results and discussion
Equilibrium geometries
For bi-metallic Ag 2 Au N λ (N = 1-7, λ= ±1, 0) clusters, the optimized ground state configurations of neutral, cationic and anionic state are shown in Figure 1-Figure 3 respectively. For Ag 2 Au cluster (N = 1 and λ = ±1,0), we have computed triangular geometrical structure with symmetry group C 2v . This is in line with the previous results reported by Bonacic-Koutecky et al. [40] and Tafoughalt et al. [41] . In Ag 2 Au + cluster, the Ag-Au bond length is 2.60 Å and in neutral Ag 2 Au cluster, Ag-Au bond length is 2.64 Å which are in agreement with the previous values reported by Weis et al. [38] . For N = 2, Ag 2 Au 2 cluster has rhombus structure, observed as the most stable geometry for tetramers. In this geometry, gold atoms are located at the corners of the clusters, while silver atoms connected to each other with short diagonal. The ground state configuration of Ag 2 Au 3 cluster is found as trapezoidal structure with symmetry group C 2v . Here, three gold atoms form a triangular structure in the middle of the cluster, while silver atoms occupy the corners. For N = 4, the most stable structure is planar for neutral and anionic whereas cationic cluster has 2D structure. For neutral and anionic forms of Ag 2 Au 4 cluster, the structures are extension of Ag 2 Au 2 cluster with C 2v symmetry in which two gold atoms are connected on both the corners of rhombus structure and two silver atoms are connected in the middle of the cluster. It supports to form maximum number of bonds with gold atoms. The cluster Ag 2 Au 5 has silver atom at the centre to form maximum number of Ag-Au bonds. The Ag 2 Au 5 has symmetry group C s . The same structure was reported by Zhao et al. [44] . The most stable structure of Ag 2 Au 6 is obtained due to extension of Ag 2 Au 5 . Here the silver atoms, located at the centre, are surrounded by gold atoms. And consequently maximum number of Ag-Au bonds are formed. The cluster Ag 2 Au 6 is under C 1 symmetry group. For N = 7, all nine atoms are planar with symmetry group D 2h . In this structure, four gold atoms are connected as a rectangular format and one gold atom, located in the middle, is connected with these atoms. Two gold and two silver atoms are connected to form edge capping from all the sides. 
Electronic properties and DFT-based descriptors
Computational investigation of bimetallic Ag 2 Au N λ (N = 1-7, λ= ±1, 0) nanoalloy clusters has been performed invoking DFT method. The orbital energies in form of HOMO (Highest Occupied Molecular Orbital)-LUMO (Lowest Unoccupied Molecular Orbital) gap along with computed DFT-based descriptors viz. hardness, softness, electronegativity, electrophilicity index and dipole moment have been studied and analysed.
Bimetallic Ag 2 Au N (N = 1-7) nanoalloy clusters
The HOMO-LUMO energy gap along with computed global descriptors namely, hardness, softness, electronegativity, electrophilicity index and dipole moment of neutral Ag 2 Au N (N = 1-7) nanoalloy clusters are reported in Table 1 . Our data supports the relationship between HOMO-LUMO energy gap and stability of the compounds. Result from Table 1 reveals that HOMO-LUMO energy gap of clusters run hand in hand with their computed hardness values. Magnitude of hardness values increases with increase of frontier orbital energy gap increases. The cluster having the highest HOMO-LUMO energy gap will be least prone towards any external perturbation. From Table 1 , it is concluded that the Ag 2 Au 4 with symmetry group C 1 has maximum HOMO-LUMO energy gap (1.823 eV), whereas Ag 2 Au cluster with symmetry group C 2v possess the lowest energy gap (0.570 eV). In absence of any quantitative data for optical properties of these clusters, we have tacitly assumed that a direct relationship between optical properties of Ag-Au clusters with their computed HOMO-LUMO energy gap. The assumption is based on the fact that optical properties of clusters are interrelated with flow of electrons within the systems, which in turn depends on the energy gap between valence and conduction band. Xiao et al. [86] have already established a relationship between HOMO-LUMO gap and energy difference of valence-conduction band. In view of that, we may conclude that optical properties of the bimetallic clusters exhibit a direct relationship hardness values and similarly, molecular softness exhibits an inverse relationship with the optical properties [87, 88] . The correlation diagram between HOMO-LUMO energy gap and computed softness is reported in Figure 4 . High value of regression coefficient (R 2 = 0.956) also establishes the relationship between HOMO-LUMO and computed softness. Electrophilicity index measures the energy lowering of a ligand due to maximal electron flow between donor and acceptor and it depends on conjoint action of ionization potential and electron affinity [89] . There is an inverse relationship HOMO-LUMP energy gap and electrophilicity index. Dissociation energy and second difference in energy have a high impact on the relative stability of nanoalloy clusters [90] [91] [92] . These energies are highly sensitive and they exhibit an odd-even oscillation behaviour as a function of cluster size [90] [91] [92] . The HOMO-LUMO energy gap of any compound also shows an odd-even oscillation behaviour. HOMO-LUMO energy gap as a function of cluster size is depicted in Figure 5 . Figure 5 displays an odd-even oscillation behaviour in terms of HOMO-LUMO energy gap. The clusters with an even number of total atoms possess larger HOMO-LUMO energy gap as compared to the neighbour clusters having odd number of total atoms. The closed-shell electronic configuration supports the stability of clusters with even number of total atoms. So, our computation runs hand in hand with reported even-odd oscillation behaviour of bimetallic nanoalloy clusters. In order to apply our computed data in the real field, bond length of some of the species have been computed. A comparative analysis has been reported between experimental bond length [93] [94] [95] and our data in Table 2 . A close agreement in magnitude between experimental bond length and our computation is observed from Table  2 . 
Bimetallic Ag 2 Au N + (N = 1-7) nanoalloy clusters
In this section, we have discussed about the HOMO-LUMO energy gap and computed DFT-based descriptors of cationic bimetallic nanoalloy clusters. Results are reported in Table 3 . It is observed from Table 3 The HOMO-LUMO energy gap of Ag 2 Au N + (N = 1-7) clusters is reported in Figure 5 . Odd-even oscillation behaviour of cationic clusters is in terms of HOMO-LUMO energy gap also reported in Figure 5 . Table  4 . Table 4 reveals that the cluster Ag 2 Au 3 − , with symmetry group C 2v , have the highest HOMO-LUMO energy gap whereas the cluster Ag 2 Au − , with symmetry group C 2v, possesses the lowest energy gap. The inverse relationship between HOMO-LUMO energy gap and global softness of anionic clusters is plotted in Figure 7 . R 2 = 0.883 is obtained as regression coefficient. 
Bimetallic

Conclusion
Due to diverse applications in the real field, the study of bimetallic nanoalloy clusters has gained a significant importance. In this report, we have investigated the structure and physico-chemical properties of Ag 2 Au N λ (N = 1-7, λ= ±1,0) clusters in terms of DFT study. DFT-based global descriptors namely, HOMO-LUMO energy gap, hardness, softness, electronegativity, electrophilicity index and dipole moment of cationic, anionic and neutral Ag 2 Au N clusters are computed and reported. The result reveals a direct relationship between HOMO-LUMO energy gap with global hardness and inverse relationship with softness. Considering optical property of clusters as a function of energy gap, we have tried to explain optical properties/HOMO-LUMO energy gap in terms of computed descriptors. Our predicted trend is also in similar line with experimental facts. Odd-even oscillation behaviour of neutral and charged clusters are also established invoking our computed data. The neutral clusters with even number of total atoms possess larger energy gap as compared to their neighbour clusters with odd number of total atoms. It is concluded that Ag 2 Au + cluster is the most stable cluster among all molecular system. Our computed bond length for the species of Ag 2 , Au 2 and Ag-Au are in well agreement with the experimental values. It strengthens our computational analysis.
